The need for tests which are capable of detecting and diagnosing vitamin deficiencies arises from a variety of disparate activities and needs. First, there is the need, by the general practitioner or specialist doctor, to recognise and then treat any deficiency which may be encountered in his or her patients. Second, there is the need by agencies which deal with famines and natural disasters, to provide foods and dietary supplements which will cure and prevent deficiencies, in the short-or medium-term, and by food planning agencies to try to ensure that vulnerable groups of the population, especially in developing countries, are adequately supplied and protected, in the long-term. National surveys, of the kind performed recently in the UK , seek to define 'hot-spots' of increased risk, for particular nutrients and for particular population groups. Dietary recommendations 5 ' 6 are based on the evidence that certain definable ranges of specific nutrients are required to prevent deficiency in normal healthy people. This evidence is based on a Micronutrients in health and disease •Not all of the population groups in the Report 5 have been included here. Where a range is given, the population groups were further subdivided in the Report. b Lower reference nutrient intake (meets the requirements of the lowest 2.5% of that population group).
•Reference nutrient intake (meets the requirements of all but the highest 2.5% of that population group).
•"Safe intake (where no reference nutrient intakes could be set).
•Intake of preformed niacin plus one sixtieth of the intake of its metabolic precursor, tryptophan. 'Based on protein providing 14.7% of the Estimated Average Requirement for energy. Vitamin B, requirements are expressed elsewhere as a ratio to protein intake. 'Above 65 years of age, the RNI for vitamin D is 10 jig/day.
•0.1 mg/day increment during the last trimester of pregnancy. 'No increment required (a hyphen H means no specified increment although an increment may be implied, without being specified). £.4 mg/g poryunsaturated fatty adds intake for infants. l 10 ug/day for infants. "Tabulated on a protein basis (ca two-thirds of the RNI).
•Tabulated on an energy basis (ca two-thirds of the RNI).
combination of dietary estimates, biochemical status measurements, and estimates of the prevalence of functional or clinical abnormalities. There is no single organisation, within any country, whose task it is to develop, co-ordinate and perfect such tests of status; therefore, the work tends to be done on an ad hoc basis, perhaps inspired by technological developments, or driven by the need to solve particular problems. The purpose of this review is to summarise the kinds of measurements that are available; to compare and contrast them in terms of their strengths and weaknesses, and to suggest where future developments may occur.
Diagnosis from nutrient intake estimates Table 1 lists the key UK Dietary Reference Values for the 13 wellestablished vitamins which are required in the human diet, as specified by the British Department of Health in 1991 s . For eight of these thirteen, there is both a Reference Nutrient Intake (which is intended to cover the requirements of 97.5% of healthy people in each specified population group), and a Lower Reference Nutrient Intake (which is intended to cover the requirements of only the lower 2.5%). Of course, these are at present only very approximate estimates, based on very limited evidence, and the criteria for adequacy are not universally agreed. For vitamin D, only a Reference Nutrient Intake has been set, and even this applies only to certain population groups, whereas others are deemed to obtain sufficient vitamin D from the alternative route, of de novo synthesis in the skin, catalysed by sunlight. For four vitamins, neither an RNI nor an LRNI could be set; therefore, they were replaced by a 'Safe Intake' estimate, based on observed intake ranges in healthy populations, as distinct from estimated requirements.
Although deficiency cannot be recognised from low intakes alone, the likelihood of deficiency increases as the dietary intake falls, and in a population group, it is roughly proportional to the percentage falling below the LRNI for each nutrient. Therefore, the LRNI can provide a yardstick, against which the probability of deficiency can be assessed. It should, of course, be remembered that there are many potential inaccuracies involved in the estimation of nutrient intakes, from food records or diet histories 7 . There may be serious under-or over-reporting; there may be inaccuracies in, or inappropriate use of, food table nutrient attributions, and individual or group intakes may vary over time (seasonal variations, etc.) . For these reasons, nutrient intake estimates can only be used as one part of the spectrum of status evidence, and should not be accorded absolute validity. However, they are an essential piece of the jigsaw, and are particularly necessary in the context of intervention strategies, e.g. if a decision must be made whether to try to improve an existing diet, or whether to intervene with supplements, given orally or by injection. Table 2 lists the classical vitamin deficiency signs which are commonly associated with severe, and relatively specific, vitamin deficiencies in man. They may differ between the young and the old; therefore, they have been roughly subdivided here according to age. Pregnant and lactating women typically have higher demands and, therefore, are more likely to precipitate into clinical deficiency than other adults. Deficiencies occur most commonly in the very young and in the very old, for a variety of physiological and social reasons. Clinical deficiencies may arise through inadequate diet, but they may also arise from impaired absorption, or an increased rate of turnover or of excretion 9 . The majority of overt vitamin B ]2 deficiencies world-wide are due to malabsorption, caused by diseases such as pernicious anaemia, as distinct from inadequate dietary intake 10 . Deficiencies which may occur in dialysis patients, for example, are probably due mainly to losses during dialysis, and imply the need for an increased provision of vitamins above population dietary requirements.
Diagnosis from clinical deficiency signs
Clinical signs are notoriously non-specific 8 ' 11 . Although they may be the first warning sign that something is amiss, they are generally only the first step in a complex chain of evidence, which needs to include dietary investigations and biochemical index measurements, before a diagnosis can be made with confidence. Frequently, a metabolic insult can be exacerbated by other stresses, such as infections, so that the resulting clinical signs may mirror biochemical status only approximately. Likewise, clinical signs in a population may represent only the 'tip of the iceberg' of morbidity and mortality that is attributable to a nutrient deficiency. This has recently been illustrated by the major reductions in mortality, seen after vitamin A supplementation of young children in developing countries, even where clinical deficiency signs are not especially common 13 . Although both patient and clinician tend to perceive the overt clinical signs as being their primary concern, and judge the success of treatment primarily in terms of their resolution, the biochemical picture is often the more informative, as well as the more rapidly responsive, index of success. Table 3 lists some functional indicators of vitamin status, which can help to clarify the evidence from clinical signs, by probing critical physiological processes and biochemical pathways which depend on the adequacy of intracellular provision of specific vitamins. Physiological measurements, such as bone X-rays, tests for night blindness, etc., can often be carried out as part of the routine physical exam 11 . Others, such as haematological examinations, can be performed by routine hospital laboratories. Many tests, however, need specialist procedures and specialist laboratories 11 -12 . The value of such functional tests is that they can help to bridge the information gap between an 'abnormal' nutrient concentration (which may or may not affect the homeostatic equilibrium of the organism, because many essential biochemical pathways have some spare capacity, and many tissues maintain nutrient concentrations which are greater than the minimum needed for normal function), and a seriously abnormal metabolic function, which may imply imminent danger or actual presence of serious failure of homeostasis and, hence, potentially impaired health. Many functional indices have been identified, and the list is growing continually, so that the critical question now arises: which of them are useful in practice, and which are not? Some are useful in defining adequate ranges of nutrient intakes and biochemical indices; others (such as plasma homocysteine 14 ) are so strongly linked to important and common pathologies, that they have become a focus for intervention in their own right. Serum methyhnalonic acid is at least as useful in defining vitamin B ]2 . For some of the B-vitamins, red cell enzyme reactivation tests are more widely employed than are direct measurements of blood vitamin concentrations 11 ' 12 . Clearly the ongoing development of functional indices of vitamin status is an important growth area in nutrition, and can only be briefly summarised in this short review. Table 4 lists the main biochemical indices of vitamin status, subdivided into those which are now frequently used and those which are less used but, nevertheless, retain importance, either as historically-relevant advances, or as potential alternatives which are needed for special situations. •In the author's laboratory, an assay based on the formation of a fluorescent derivative of dehydroascorbate 60 has proved very satisfactory, and is less time-consuming than the HPLC assay. 'Dr M J Lewis, fax +44 161 720 2886 (UK). "College of American Pathologists Survey, fax +1 847 446 8807 (USA). NA: none available at present.
Diagnosis from functional indices

Diagnosis from biochemical indices
Most popular biochemical tests employ either plasma (or serum), or red cells as the source of information 11 ' 12 . One exception is the B-vitamin niacin, where urinary degradation products are still preferred 16 . For lactating women, breast milk vitamin concentrations may be a useful source of information 17 . White cells have been used in a number of studies, and indeed buffy coat vitamin C was the preferred index of vitamin C status for many years, but the complexity of sample preparation in the field has reduced the usefulness of this approach, especially for population studies 9 -11 . In considering choices between the available indices, the following criteria are relevant 11   -12   : 1 Is the index sufficiently specific for the nutrient of interest?
2 Is the test sufficiently sensitive to variations of status over the range that is of interest?
3 Is the test sufficiently robust, that consistent and interpretable results can be obtained?
4 Is the necessary analytical equipment (and expertise) available?
5 Are there quality control samples with assigned values available, either commercially or from external quality assurance schemes? (the answer unfortunately is 'no' for a large proportion of vitamin assays at the present time).
6 Are there any published normal ranges, obtained by a method which has been validated against the one chosen?
7 Are there cost-implications in the choice?
8 Is it possible to exchange samples, for inter-laboratory comparison, with other laboratories that are performing the assay? Table 5 gives some practical details of some of the principal biochemical status assays which are in common use, especially in the UK. Where available, contact names and fax numbers of organisations which provide quality assurance schemes are also given, and brief details of special precautions for individual analytes are included. Some indices, such as 25(OH)vitamin D, folate and vitamin B ]2 can now be assayed by a wide range of 'kit' assays, available from various commercial manufacturers who supply clinical and haematological laboratories 12 . These are generally easy to use, and require only fairly basic equipment, but are relatively expensive to buy, and are not always as accurate as one would like. Inhouse assays are often more expensive with respect to equipment purchase and technician time needed for development, but can be cheaper to operate subsequently, and the operator may have greater control. There is a need to make biochemical tests more rugged and robust and more widely available in the future, so that the less specialised laboratories can perform them, without expensive equipment and expertise. Table 6 indicates which vitamin status assays have been chosen for UK * Abbreviations: P = plasma; E = erythrocyte; S/P = serum or plasma. **The HPLC-based assay of vitamins A and E also included 7 plasma carotenoids (aaa-and [J-carotenes and cryptoxanthins, lycopene, lutein and zeaxanthin). ***Data on plasma pyridoxal phosphate concentrations has also been obtained, for those surveys where the erythrocyte index was initially measured". ****The functional index, plasma homocysteine has been included in research studies linked to the most recent survey sample-set". #Also included buffy coat ascorbate, urinary riboflavin and serum vitamin B, in some areas. ##Also included buffy coat ascorbate and serum and red cell vitamin Bf. The fieldwork for the surveys was carried out between 2 and 5 years before the publication dates of the Survey Reports, listed at the head of each column of the table.
government-commissioned surveys of diet and nutrition during the past three decades. The choice of vitamins and of analyses has been guided by considerations of assay feasibility and reliability and of the probable importance of particular vitamins for the health of the UK population. Such population surveys have proved very valuable for the formulation of government policy: for the protection of high-risk subgroups, and for legislation, education and supplementation programmes. 18 , and this can affect their interpretation, especially when comparing status-adequacy between sick and healthy people.
There is a lack of appreciation of the extent of variability of assay calibration between laboratories, and between minor variants of the same basic assay methods The complications introduced by the existence of multiple forms of vitamins, and by their instability during storage and assay, are frequently unappreciated. There are many physiological (e.g. hormonal 21 ), genetic and other influences, which can introduce problems of interpretation.
Despite these problems, however, biochemical vitamin status indices remain a very valuable source of information, and will amply repay efforts to make them more robust, and more user-friendly. It is likely that, with the future advent of genetic mapping and of risk-assessment, there will be an increased need for individually-tailored definitions of nutritional requirements; for individually-tailored nutritional advice or intervention, and that the measurement of vitamin status indices, probably at local GP clinics, will become an essential and routine part of health assessment, health promotion, and public health policy.
